Abstract Nitric oxide (NO) as a cellular signaling molecule and vasodilator regulates a range of physiological and pathological processes. Nitrite (NO 2 -) is recycled in vivo to generate nitric oxide, particularly in physiologic hypoxia and ischemia. The cytochrome c oxidase binuclear heme a 3 /Cu B active site is one entity known to be responsible for conversion of cellular nitrite to nitric oxide. We recently reported that a partially reduced heme/ copper assembly reduces nitrite ion, producing nitric oxide; the heme serves as the reductant and the cupric ion provides a Lewis acid interaction with nitrite, facilitating nitrite (N-O) bond cleavage (Hematian et al., J. Am. Chem. Soc. 134:18912-18915, 2012). To further investigate this nitrite reductase chemistry, copper(II)-nitrito complexes with tridentate and tetradentate ligands were used in this study, where either O,O 0 -bidentate or O-unidentate modes of nitrite binding to the cupric center are present. To study the role of the reducing ability of the ferrous heme center, two different tetraarylporphyrinateiron(II) complexes, one with electron-donating paramethoxy peripheral substituents and the other with electron-withdrawing 2,6-difluorophenyl substituents, were used. The results show that differing modes of nitrite coordination to the copper(II) ion lead to differing kinetic behavior. Here, also, the ferrous heme is in all cases the source of the reducing equivalent required to convert nitrite to nitric oxide, but the reduction ability of the heme center does not play a key role in the observed overall reaction rate. On the basis of our observations, reaction mechanisms are proposed and discussed in terms of heme/ copper heterobinuclear structures.
Introduction
The nitrite anion (NO 2 -) is biologically important, for example, in denitrifying bacteria, where it forms from nitrate (NO 3 -) reduction catalyzed by a molybdoenzyme. Then, either copper-containing or heme-containing enzymes reduce the nitrite to nitric oxide (NO), prior to its being reductively coupled to give nitrous oxide (N 2 O) and eventually N 2 [1] [2] [3] [4] . However, in mammalian aerobic organisms, until relatively recently, nitrite was considered as a biologically inert one-electron-oxidative end product of endogenous NO metabolism. In fact, this supposedly inert anion can be and is recycled in vivo to generate NO and constitutes a biochemical circulating reservoir for this important signaling molecule, in particular under conditions of physiologic hypoxia and ischemia [5] [6] [7] [8] [9] [10] .
The classic biological source of NO is nitric oxide synthase (NOS) oxidation of L-arginine [11, 12] . This nitrite reductase chemistry is an important alternative biological source of NO [1] [2] [3] [4] 13] . Nitrite reduction to NO involves both pH and oxygen sensor chemistry [13] because of its requirement for one electron and two protons:
Remarkably, the L-arginine-NOS pathway is oxygendependent, whereas the nitrite-NO pathway is gradually activated as the oxygen tension falls. Therefore, nitritederived NO formation can be considered as a backup system to ensure that there is sufficient NO production in hypoxic conditions where the NO generation (for its signaling functions) in tissues is independent of NOS activity [14] .
Besides a nonenzymatic conversion of nitrite to NO via acidic disproportionation [5, 15] , nitrite as the major intravascular and tissue storage form of NO is readily reduced to NO along a physiological oxygen and pH gradient by a number of proteins/enzymes, such as hemoglobin [16] [17] [18] , myoglobin [19, 20] , neuroglobin [21] , xanthine oxidoreductase [8] , aldehyde dehydrogenase [8] , cytochrome c oxidase (CcO; see below), cytochrome c [22] , and possibly cytochrome P-450 [23] [24] [25] (Fig. 1) .
Cytochrome c oxidase, the terminal enzyme of the mitochondrial respiratory chain and known to catalyze the fourelectron reduction of oxygen to water at a heme/copper heterobinuclear centered active site [26] [27] [28] , has recently been shown to have a novel enzymatic role catalyzing the reduction of nitrite to NO [29, 30] . It is noteworthy that unlike the CcO oxidase reaction, which involves four electrons, only one electron is required for the CcO nitrite reductase reaction. This nitrite reductase activity is significantly elevated under hypoxic conditions and increases with the lower pH and higher nitrite concentrations that are found in hypoxia [31] [32] [33] [34] . These findings are consistent with the following reaction:
However, more recent studies have revealed that the catalytic formation of NO by CcO also occurs under normoxia and physiological nitrite concentrations and has been detected in a variety of eukaryotes, including yeast, rat liver, human endothelial cells, bovine heart, calf liver, plants, and algae [29, 31, 35] .
In this report, we describe several examples of heme/ copper assembly coordination complexes which mediate nitrite reductase chemistry, the one-electron reduction of nitrite to NO. This follows our initial report [36] on this type of chemistry showing a copper(II) complex with coordinated nitrite anion reacts with a ferrous heme, producing NO. Here, we provide additional examples of this newly discovered chemistry, where the exact nature of the heme and/or the copper chelating ligand is modified. For this reaction chemistry, this approach provides (1) differing modes of binding of nitrite to the cupric center, and (2) hemes with differing reducing abilities. For the former, we have examples of nitrite bound to the cupric center with either a tripodal tetradentate pyridyl-alkylamine ligand or a related tridentate alkylamine ligand. For the latter, we compare systems where the heme possesses electronwithdrawing peripheral substituents versus one that is electron-donating. The hope is that via such a systematic approach, we can learn details and fundamental concepts concerning how a heme/copper assembly may affect nitrite reduction chemistry. (2-) ]. As shown in Scheme 1, the reactivity observed by using pairwise combinations of the copper-nitrite complex and heme is that reaction of a 1:2 copper/iron complex mixture leads to highly efficient formation of NO, as trapped by the second reduced heme to give a stable ferrous heme-nitrosyl; the initially present copper(II) combines with the ferric heme formed from the redox Fig. 1 Nitrite is reduced to nitric oxide by a variety of metalcontaining enzymes along the physiological O 2 gradient. Under normal cellular O 2 tensions (normoxia), the critically important signaling molecule nitric oxide is predominantly produced by nitric oxide synthase (NOS). Under hypoxic (low O 2 concentrations) conditions, those associated with cellular stress, the nitrite anion can also serve as an alternative source of nitric oxide generation, via enzymatic reduction processes, including the process associated with cytochrome c oxidase reaction where nitrite is reduced to NO, and a l-oxo Fe III -O-Cu II complex is generated as the other product. In fact, the heme/copper CcO active site is also responsible for the oxidation of NO to nitrite [36, 39] , when NO is in excess and/or O 2 levels increase (recovery from hypoxia). Our research program in large part is concerned with the interplay between reductive or oxidative chemistry at a given heme/copper center, as modulated by metal ion center coordination and redox properties. Thus, as part of these efforts, obtaining an in-depth understanding of the mechanism underlying heme/copper nitrite reductase activity is critical.
Materials and methods
All chemicals and solvents were purchased as commercially available analytical grade unless otherwise stated. Diethyl ether and methanol (MeOH) were used after they had been passed through a 60-cm-long column of activated alumina (Innovative Technologies) under argon. Acetonitrile (MeCN) and pentane were dried by distillation over calcium hydride, and acetone was freshly distilled from Drierite (anhydrous calcium sulfate) under argon prior to use. Tetrahydrofuran (THF) and 2-methyltetrahydrofuran (MeTHF) (Sigma, 673277, inhibitor free) were purified and dried by distillation from sodium/benzophenone ketyl under argon. Dioxygen was dried by passing it through a short column of supported P 4 O 10 (Aquasorb, Mallinkrodt). NO gas was obtained from Matheson Gases and purified following methods previously described in the literature [40] [41] [42] . Addition of NO gas to metal complex solutions was effected by transfer via a three-way long syringe needle. Preparation and handling of air-sensitive compounds were performed under an argon atmosphere using standard Schlenk techniques or in an MBraun Labmaster 130 inert atmosphere (less than 1 ppm O 2 , less than 1 ppm H 2 O) drybox filled with nitrogen. Deoxygenation of solvents was effected by either repeated freeze/pump/thaw cycles or bubbling with argon for 45-60 min. Electrospray ionization mass spectrometry (ESI-MS) spectra were collected by the Mass Spectrometry Facility at Johns Hopkins University. Elemental analyses were performed by Columbia Analytical Services (Tucson, AZ, USA). Infrared (IR) spectra were obtained using a Thermo Scientific Nicolet Nexus 670 Fourier transform IR (FT-IR) spectrophotometer. UV-vis spectra were recorded with a Cary-50 Bio spectrophotometer equipped with a fiber optic coupler (Varian). The spectrophotometer cells used were made by Quark Glass with a column and pressure/vacuum side stopcock and a 1-cm path length.
1 H-NMR spectra were acquired using a Bruker 400-MHz spectrometer. Chemical shifts were reported as d values relative to an internal standard (tetramethylsilane) and the residual solvent proton peak. Electron paramagnetic resonance (EPR) spectra were recorded with a Bruker EMX spectrometer controlled by a Bruker ER 041 X G microwave bridge operating at X-band (approximately 9.4 GHz).
The Under an argon atmosphere, to a solution of (TMPP)Fe III (Cl) (413 mg, 0.50 mmol) in deoxygenated dichloromethane (150 mL) was added 100 mL of deoxygenated saturated sodium hydrosulfite aqueous solution. The two solutions were vigorously mixed with argon bubbling for about 30 min, during which time the color of the organic layer changed from dark brownish red to bright red. The reaction mixture was allowed to sit for ample time (approximately 20 min) to allow the separation of the two layers. Then the organic layer was allowed to slowly pass through a Schlenk filter tube (coarse porosity) and dried over a small plug of anhydrous sodium sulfate (approximately 6 g). The solvent was removed under a vacuum, yielding 298 mg of product (73 %). Anal. Calcd for C 48 In the drybox, to a solution of (F 8 )Fe II ÁH 2 O (20.0 mg, 0.024 mmol) in acetone (100 mL) was added [(AN)Cu II (NO 2 )](CF 3 SO 3 ) (5.4 mg, 0.012 mmol). After the mixture had been stirred for 3 h, the solvent was removed to yield a brown solid. During the reaction, 305-lL aliquots were withdrawn by syringe every 10 min, diluted with acetone to 5.0 mL, and a UV-vis spectrum was recorded (see ''Results''). This procedure allowed quantitative determination of the [(
? complex as one of the products and was necessary in order to avoid breakage (by hydrolysis) of the oxo bridge occurring at low concentrations. Formation of a one-to-one mixture of the heme-nitrosyl species (F 8 )Fe II (NO) (k max = 399 nm) and the l-oxo (k max = 439 nm) complex was observed. FT-IR spectrum (solid): m NO = 1,685 cm -1 . 4 ], (12.9 mg, 0.012 mmol), and after the mixture had been stirred for 3 h, the solvent was removed to yield a brown solid. The preparation of samples for UV-vis analysis during the reaction was done in a manner analogous to the procedure described in ''Reaction of 2 equiv of (F 8 .024 mmol) in acetone (100 mL) in a drybox was followed by stirring for 3 h. The solvent was then removed to yield a brown solid. The solid product was then dissolved in 10 mL CH 2 Cl 2 and was extracted with 25 mL of aqueous NaCl solution (6 mM). The absence of nitrite ion in the aqueous layer was determined by using QUANTOFIX semiquantitative nitrite test strips [36] . The preparation of samples for UV-vis analysis during the reaction was analogous to the procedure described ''Reaction of 2 equiv of (F 8 4 N(NO 2 ) (3.6 mg, 0.012 mmol) was added, followed by stirring overnight. The UV-vis spectra of the reaction mixture showed no absorbance in the 500-1,100-nm range (Fig. S12) , indicating that no redox reaction had occurred.
Reaction of (TMPP)Fe
II with nitrite
To a 25 mL acetone solution of (TMPP)Fe II Á1.5 H 2 O (10.2 mg, 0.012 mmol), in the drybox, (Bu) 4 N(NO 2 ) (3.6 mg, 0.012 mmol) was added. The mixture was stirred for several hours, during which time no significant color or UV-vis absorbance changes were observed (Fig. S13) , confirming that nitrite reduction does not occur in the absence of Cu(II) as a Lewis acid. [46] . Analytical numeric absorption corrections based on a multifaceted crystal model were applied using CrysAlisPro (version 1.171.35.11, Agilent Technologies, 2011). The temperature of the data collection was controlled using a Cryojet system (manufactured by Oxford Instruments). The hydrogen atoms (unless otherwise specified) were placed at calculated positions using the instruction AFIX 23 or AFIX 137 with isotropic displacement parameters with values 1.2 or 1.5 times U eq of the attached carbon atoms. For both complexes, the hydrogen atom attached to N2 was found from difference Fourier maps, and the N-H bond distance was restrained using the DFIX instruction. .
Results
Copper complex syntheses and X-ray structures , and X-ray structures of both compounds were obtained (Fig. 2) . The chloride complex of copper(II) is tetracoordinated, with ligation from the three aliphatic nitrogen atoms of the ligand [N(1), N(2), and N(3)], along with the chloride ligand (Cl1). With use of the structural analysis criterion developed by Yang et al. [47] , the s 4 value is 0.69, making the best description of this complex to be of the ''seesaw'' type. A three-coordinate copper(I) structure with AN has been previously described [43] . The cupric center in [(AN)Cu II (NO 2 )](CF 3 SO 3 ) is, however, pentacoordinated by the nitrogen donor atoms of the 3,3 0 -iminobis(N,N-dimethylpropylamine) ligand, and O(1) and O(2) of an anisobidentate nitrito ligand. The Cu-O (nitrito) bond distances are unequal, with O1 of the nitrito ligand exhibiting a much weaker interaction with the cupric ion center: the Cu-O1 bond distance is 2.35 Å and the Cu-O2 bond distance is 2.00 Å (see Fig. 2 The IR spectrum (Fig. S6) [48, 49] . Although nitrite vibrations can be assigned with certainty only by isotope labeling, they are tentatively attributed here through the differences in the spectra of the cupric-nitrite complex and its chloride precursor. Consistent with the X-ray structures observed, the EPR spectra of these complexes in frozen solution indicate either tetragonal or rhombically distorted structures, depending on the solvent (Figs. S3, S4, S5 To expand on the initial study, we decided to compare and contrast the reactivity now using a copper(II)-nitrito complex with a tridentate ligand instead of a tetradentate ligand. We know from many years of study of dioxygen reduction chemistry using copper ion complexes that ligand denticity, along with other factors such as the exact Scheme (k max = 439 nm) forms in good yield (more than 80 %), on the basis of the quantitative analyses of UV-vis and EPR spectra (Fig. 3) yield, on the basis of UV-vis spectroscopy (k max = 399 nm) [36, 59] , EPR spectroscopy (Fig. 3) (Fig. S14) . The authentic sample of [(TMPP)Fe II (NO) (m NO = 1,677 cm -1 ), as the other expected product, was also generated in situ by bubbling excess NO gas into the solution of [(TMPP)Fe II in acetone under a nitrogen atmosphere, and it was characterized by UV-vis and IR spectroscopies.
Reacting 1 equiv of the cupric-nitrite complex,
, with 2 equiv of the more electron rich porphyrin, (TMPP)Fe II , results in same overall redox reaction, converting nitrite to NO (Scheme 3). We observed the reaction proceeds with about the same rate as for the combination of (F 8 )Fe II and [(tmpa)Cu II (NO 2 )] ? , implying that the greater electron-donating ability of this ferrous heme does not accelerate the nitrite reduction reaction. The quantitative analyses of UV-vis and EPR spectra of the reaction products and authentic samples confirmed the generation of a one-to-one mixture of the ferrous heme-nitrosyl (TMPP)Fe II (NO) (k max = 410 nm) ? (k max = 443 nm) in high yield (Fig. 4) . In the final system investigated here, we used the copper(II)-nitrite complex with a tridentate (rather than a tetradentate) chelate, with the electron-rich ferrous heme. Reaction of [(AN)Cu II (NO 2 )] ? with 2 equiv of (TMPP)Fe II was studied (Scheme 4). IR spectroscopy (m NO = 1,677 cm -1 ) directly indicated the production of the nitrosyl complex, (TMPP)Fe II (NO). However, according to the UV-vis spectra, there was no formation of the l-oxo (Fig. 5 ). This may be due to its very basic l-oxo ligand, resulting in instability toward protonation and hydrolysis. This was further validated when all attempts at the synthesis of the authentic loxo complex by oxidation of reduced complexes (by O 2 bubbling, as described earlier) were unsuccessful, even when using MeTHF as a ''dryer'' solvent. The species which is instead generated is the l-hydroxo complex In spite of the difficulties in this system, comparison of the UV-vis spectra for the actual reaction with those of authentic compounds indicates the nitrite reduction reaction outlined in Scheme 4 occurs in very good yield. Nitrite analysis also confirmed the conversion of nitrite to NO is nearly quantitative, as no trace of nitrite was detected following the reaction.
The rate of ferrous heme disappearance for this system (Scheme 4) could be semiquantitatively described as being a few times faster than for the reaction of the same heme with the [(tmpa)Cu
II (NO 2 )]
? analogue (Scheme 3). This observation is the same as that for the reaction of the more electron poor heme, ( ? (bearing a tetradentate chelate). Thus, in both cases, faster reduction of nitrite to NO was observed when the ligation of nitrite is bidentate versus unidentate.
Discussion
In ''Results,'' we demonstrated the heme/copper assembly mediated reduction of nitrite to NO, using two different and (TMPP)Fe II by themselves are also unreactive to nitrite ion (Figs. S12, S13). 1 We believe that these reactions to a significant extent relate to what happens in CcO nitrite reductase biochemistry. In our synthetic coordination chemistry system, a second heme equivalent is present in order to trap the NO produced, allowing 100 % conversion. If less than two molar equivalents of ferrous heme are added, the reaction occurs only partially, because the NO produced reacts very rapidly with any ferrous heme that has not reacted with the cupric-nitrite complex. In the enzyme, of course this does not occur, but since only oxidized metal ions are present in the active site following nitrite reduction, i.e., iron(III) and copper(II), the NO gas produced escapes since NO binds at best weakly to these oxidized metal ions (Scheme 1, bottom).
As concerns possible reaction mechanisms, we can start by drawing two significant conclusions from the results presented. The first is that the reducing ability of the heme does not seem to matter in determining the course of the overall reaction, and more importantly it does not affect the observed reaction rate (but, of, course in the absence of detailed kinetics). Yet, we can deduce that the electron required for nitrite (formally NO ? ) reduction comes from the heme iron(II). We know this because control experiments related to these systems reported earlier [36] showed that a ferric heme with added nitrite does not react with either ligand-copper(I) complex (see Fig. 6 ).
In fact, from electrochemical measurements [36] , we know that for the case of ferrous heme (F 8 )Fe II , the ligandcopper(I) complexes are chemically stronger reductants. So, the ferrous heme supplies the one electron required in the reaction, but when a stronger reductant is used, (TMPP)Fe II , as compared with (F 8 )Fe II , the ferrous heme reduction of nitrite bound to copper(II) does not proceed at an observably greater overall reaction rate. Thus, the electron-transfer reduction apparently does not occur in the rate-determining step.
A second, perhaps key observation is that in a relative sense, the reactions of [ believe that this is an effect of the differing coordination of nitrite in the two cupric complexes. This quite likely leads to differing approaches of the cupric-nitrite complex to form a ferrous heme-(nitrite)-cupric assembly (Scheme 5). As precedent for this supposition, it has been proposed that enzymatic nitrite reduction in heme enzymes occurs either by nitrite nitrogen coordination or by oxygen ligation to the iron and that these lead to alternative courses of reaction with accompanying differing kinetic behavior [62] [63] [64] [65] .
With [62] [63] [64] [65] , the approach of the nitrite to the ferrous heme, either via the nitrogen atom or the oxygen atom, is controlled by factors related to the binding pocket, especially nitrite oxygen atom hydrogen bonding from nearby protein amino acid residues. In essence, the cupric ion in the present heme/copper assemblies plays an analogous role, as a Lewis acid surrogate of a proton which (1) (Scheme 5b). An alternative but interesting mechanistic proposal would be something like that depicted in Scheme 5c, where the nitrito oxygen atom furthest from copper approaches the iron(II) ion and formally two-electron oxygen-atom transfer occurs, giving a high-valence Fe(IV)=O species, NO gas, and a corresponding cuprous complex; NO gas is again trapped by a second ferrous heme and the Fe(IV)=O and copper(I) moieties couple to give the product [(porphyrinate)Fe III -O-Cu II (tmpa)] ? . A precedent for such a mechanism exists. For instance, oxo transfer to an active-site iron has been previously suggested as a mechanistic alternative in nitric oxide reductase biochemistry [66, 67] . Also, we have previously demonstrated that ligand-copper(I) complexes do react with (porphyrinate)Fe(IV)=O species to generate the corresponding l-oxo heme/copper complex [56] .
In addition to the courses of the reaction depicted in Scheme 5b and c, we suggest one other possibility, which is that in all cases, with either [(tmpa)Cu II (NO 2 )] ? or [(AN)Cu II (NO 2 )] ? , nitrite ion nitrogen-atom coordination to the ferrous heme is what leads to a productive reaction, with nitrite (N-O) bond cleavage and NO gas formation. Such coordination is favored on the basis of known (bio)chemistry and expectations from ''hard-soft'' acidbase considerations. So, even for the chemistry with [(tmpa)Cu II (NO 2 )] ? , a successful reaction may require dissociation of nitrite from the cupric ion and/or isomerization or rearrangement so the nitrite nitrogen atom can reach and bind the reduced heme. Perhaps this accounts for the generally slower kinetics observed for the reactions of [(tmpa)Cu II (NO 2 )] ? with either ferrous heme complex. Further studies will be required to address these mechanistic considerations.
Conclusion
Our interest in small-molecule activation at heme/copper centers, such as O 2 reduction [68] , NO reductive coupling [41, 59] , NO oxidation by an oxidized heme/copper center to give nitrite, and nitrite reduction by a partially reduced heme/copper assembly to NO [36] , has led us to expand on our previous initial report for the latter, nitrite reductase chemistry with heme/copper assemblies. Such chemistry Although detailed kinetic analyses could not be performed, qualitative but clear trends in reaction rates and results as a function of heme or copper ligation tendencies and/or redox properties were observed. On these bases, possible reaction mechanisms were proposed and discussed, highlighting how the details of particular coordination chemistry situations may influence the course of reactions. Of particular note is that the cupric ion binding mode of nitrite is controlled by the denticity of the chelate on copper, leading to how the coordination of nitrite to the ferrous heme occurs, via either nitrogen-atom or oxygen-atom binding. Such discrimination in enzymes with nitrite reductase activity occurs via heme pocket features, especially hydrogen bonding involving the nitrite anion. In CcO, the copper ion may serve exactly such a role, (1) orienting the nitrite for subsequent binding to the reduced heme and (2) acting as an oxo acceptor, as shown by the findings in the present synthetic chemistry study.
